In vivo coating of bacterial magnetic nanoparticles by magnetosome expression of spider silk-inspired 
Introduction
Magnetosomes are membrane-enveloped magnetic nanoparticles (MNPs) biomineralized by magnetotactic bacteria, in which they serve as geomagnetic field sensors. 1, 2 In the alphaproteobacterium Magnetospirillum gryphiswaldense they are composed of a monocrystalline magnetite (Fe3O4) core enveloped by the magnetosome membrane, which consists of phospholipids and a set of specific proteins. 3 Due to their highly regulated biosynthesis, magnetosomes exhibit unprecedented characteristics such as high crystallinity, strong magnetization, as well as uniform shapes and sizes. 4, 5 These features make them ideal for numerous biomedical and biotechnological applications, for instance magnetic capturing of 3 soluble analytes, 6 magnetosome-based immunoassays, 7 as nanocarriers for magnetic drug targeting, 8 magnetic hyperthermia, 9, 10 and as reporters for magnetic resonance imaging (MRI) 11, 12 and magnetic particle imaging (MPI). 13 For many of these applications magnetosomes have to be further functionalized by the introduction of additional moieties to the surface, or by encapsulation of the particles, especially if they are intended for the use as theranostics. As one of the most attractive features of magnetosomes both their crystal morphologies and the composition of the enveloping membrane can be engineered in vivo by genetic means. Abundant magnetosome membrane (Mam) proteins can be used as fusion anchors for surface display of foreign proteins and peptides. For example, both the N-and C-terminus of the 12.4-kDa MamC protein that has only a minor function in magnetite biomineralization [14] [15] [16] provide sites for covalent and highly specific attachment of foreign proteins to the magnetosome surface by genetic fusion. [17] [18] [19] MamC has been used for the magnetosome expression of the fluorophore (e)GFP, 17, 18 camelid antibody fragments (nanobodies), 6, 20 and enzymes such as luciferase, 21 the multi-subunit chimeric bacterial RNase P 22 or the paraoxonase Opd. 23 Using an improved expression system 18 and a recombination-impaired bacterial strain, 24 even arrays of up to five copies of the enzyme glucuronidase (GusA) fused to a terminal, codon-optimized eGFP (mEGFP) as additional reporter could be expressed on the magnetosome surface. 25 In the latter study, MamC, GusA monomers and mEGFP were stitched together by flexible Gly10 linkers, which are known to allow proper folding of recombinant proteins and thus, ensure biological activity. 26 In addition, Borg and co-workers generated hybrid core-shell nanoparticles, consisting of the fluorescent magnetosome core (expressing eGFP) enclosed by a ZnO or silica shell, 27 which improved colloidal stability.
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A further intriguing material suitable for coatings could be spider silk, which exhibits extraordinary properties such as a high toughness combined with good biocompatibility [28] [29] [30] desirable for future in vivo applications of bacterial magnetosomes. Spider silk proteins (socalled spidroins) consist of non-repetitive terminal domains that flank the highly repetitive core domain and often exceed a molecular weight of 150 kDa. 29 However, recombinant expression of spider silk proteins in bacteria so far has been confined to only few well-established systems such as Escherichia coli, Salmonella and Bacillus sp. species. [31] [32] [33] In this study, we explored the expression of spider silk sequences on the magnetosome surface of the magnetotactic alphaproteobacterium M. gryphiswaldense. The recombinant engineered spider silk protein eADF4 (engineered Araneus diadematus fibroin 4) is based on the consensus sequence of the highly repetitive primary structure of ADF4, 34, 35 and the number of repeat units can be adjusted allowing the production of spidroins with various molecular weights. 36 The engineered consensus sequence is called module C consisting of 35 amino acids (GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGGP). 35, 37, 38 We show that silk motifs (based on module C) can be conjugated to a single MamC anchor by genetic fusion. Silk expression enhanced magnetosome biosynthesis and caused the formation of a proteinaceous capsule, which increased the colloidal stability of isolated particles. Overall, this demonstrates that two different biogenic materials, spider silk and magnetosomes, can be genetically combined, thereby generating a new hybrid composite with novel properties and enhanced application potential.
Materials and Methods

Bacterial strains, plasmids, and cultivation conditions
Bacterial strains and plasmids that were used in this study are listed in Tables S1 and S2, respectively. M. gryphiswaldense strains were grown microaerobically in modified flask standard medium (FSM) at 30°C according to Heyen and Schüler. 39 Magnetite formation was ensured by applying a headspace-to-liquid ratio of approximately 1:4 with air in the headspace. Oxygen concentrations declined from high initial levels in the medium with increasing cell numbers, eventually reaching low dissolved oxygen concentrations, permitting magnetite synthesis.
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E. coli strains were grown as previously described. 40 For the cultivation of E. coli WM3064 D,L-α,ε-diaminopimelic acid (DAP) was added to lysogeny broth (LB) medium at a final concentration of 1 mM. Strains were routinely cultured as previously described. 18 For the cultivation on solid medium 1.5% (w/v) agar was added. For strains carrying recombinant plasmids, media were supplemented with 25 µg/ml kanamycin (Km) for E. coli and 5 µg/ml for M. gryphiswaldense strains.
Molecular and genetic techniques
Oligonucleotides (see Table S3 ) were purchased from Sigma-Aldrich (Steinheim, Germany).
Plasmids were constructed by standard recombinant techniques as described in detail below. 6
Construction of MamC fusion proteins
The c2 sequence was amplified from pCS-eADF4(C2) using the primers linker1-sps fwd and sps rev. The resulting fragment was subsequently inserted into the NcoI and BamHI restriction sites of pSB9, thereby generating pFM-C2. For construction of pFM1 and pFM2, first the cl2 and cl32 sequences were generated via several PCR steps ( Figure S1 -S3). The primer combinations linker1-sps fwd and sps-linker2 rev, or linker2-sps fwd and sps rev were used to amplify the cmodule, with pCS-eADF4(C16) serving as template. Due to the repetitive c16 sequence, in both reactions fragments of different sizes (ranging from 105 to 10,500 bp) were obtained. The c1 fragments (105 bp) were chosen and fused via overlap PCR, resulting in the 276 bp sequence gly10-c1-gly10-c1, referred to as cl2. After restriction with NcoI and BamHI, cl2 was cloned into pSB9, thereby replacing gusA and generating pFM1. For the construction of cl32, the cl2 sequence was amplified using primer combinations linker1-sps fwd / sps-linker3 rev or linker3-sps fwd / sps-linker4 rev. The resulting fragments were subjected to overlap PCR as described above, thereby generating a cl4 fragment. The cl32 sequence (gly10-c1)32 was obtained by overlap PCR using cl4 as template. Due to the repetitive cl4 structure, cl6, cl8, cl16 and cl32 sequences were obtained. cl32 was chosen and amplified using the primers linker1-sps fwd and sps rev to generate NcoI and BamHI restriction sites. After digestion, cl32 was cloned into pSB9, thereby replacing gusA and generating pFM2.
pFM-C2, pFM1 or pFM2 were transferred to M. gryphiswaldense strains by conjugation, with the expression cassettes being chromosomally inserted by Tn5 transposition.
Determination of iron
Iron content of cells and isolated magnetosomes were determined by flame atomic absorption spectroscopy. Magnetosomes or cells (suspensions with equal optical densities) were pelleted, resuspended in 0.5 ml 69% nitric acid and incubated at 98°C for 3 h. The measurements were conducted with a Perkin-Elmer Atomic Absorption Spectrometer 1100 B (Überlingen, Germany) using the following conditions: wavelength 248 nm, gap width 0.2 nm, lamp current 20 mA.
UV/Vis spectroscopy
Optical density (OD) and magnetic response (Cmag) of late exponentially phase cells were measured photometrically at 565 nm as previously reported. 41 Briefly, for Cmag measurements, cells were aligned parallel to the field lines of a magnetic field, resulting in a change in light scattering. The ratio of scattering intensities at different field angles relative to the light beam was used to characterize the average magnetic orientation of the cells. Cmag is well correlated to the average number of magnetosomes in magnetic cell populations and, thus, can be used for semi-quantitative estimations of magnetosome contents.
Transmission electron microscopy
For TEM of whole cells and isolated magnetosomes, specimens were directly deposited onto carbon-coated copper grids. Magnetosomes were stained with 1% uranyl acetate. Transmission electron microscopy was performed on a CEM 902A (Zeiss, Oberkochen, Germany) with an acceleration voltage of 80 kV. Images were taken with a Gata Erlangshen ES500W CCD camera.
Sizes of crystals were measured with ImageJ software.
Analysis of sedimentation behavior / colloidal stability
Sedimentation analyses of isolated magnetosomes were performed as previously described. 42, 43 Nanoparticle dispersions were fractioned by gravity and allowed to settle for 60 min. During this incubation time agglomerates (e.g. particles that have accidently lost their membrane) formed pellets at the bottom of the tube. The supernatants were collected and subjected to the sedimentation assay. Assuming that the dispersions contained particles with equal size distributions (at the beginning of the experiment), the sedimentation rates depended only on the aggregation process. Sedimentation profiles were obtained by measuring the optical density as a function of time at a wavelength of 508 nm. Absorption values were normalized with the absorption at the initial time of the experiment, thus allowing direct comparisons of the different dispersions.
Zetasizer measurements
Zeta potential (ZP) values and particle sizes were determined with a Zetasizer Nano (Malvern, UK 
Biochemical methods
Isolation of bacterial magnetosomes from M. gryphiswaldense was performed as previously described. 17, 39 Denaturing polyacrylamide gels were prepared according to the method of Tilt series were acquired using Serial EM software. 46 The specimen was tilted about one axis with 1.5° increments over a typical total angular range of ± 60°. The cumulative electron dose during the tilt series was kept below 150 e -Å -2 . To account for the increased specimen thickness at high tilt angles, the exposure time was multiplied by a factor of 1/cos α. Pixel size at the specimen level was 4.27 Å at an EFTEM magnification of 27500x. Images were recorded at nominal −6 μm defocus.
Tomogram reconstruction and segmentation:
Tomograms were reconstructed in the IMOD package. 47 Tomographic reconstructions from tilt series were performed with the weighted backprojection with IMOD software using particles as a fiducial marker. Aligned images were binned to the final pixel size of 17.08 Å for WT (9 tomograms Matlab. 48 Tomograms visualization and membrane thickness measurements were performed in 3dmod software from the IMOD package.
Attenuated total reflection fourier transform infrared spectroscopy (ATR-FTIR)
Magnetosome samples were dispersed in water at a concentration of 1.5 mg/ml, and 2 µl magnetosome dispersion were placed on the Ge crystal. The samples were dried and ATR-FTIR spectra were measured on a Ge crystal using a MIRacle TM Single Reflection ATR accessory (PIKE Technologies, Madison, USA) with a Bruker Tensor 27 spectrometer (Bruker, Germany)
between 4000 cm -1 and 800 cm -1 . Each measurement reflects 120 scans at a resolution of 2 cm Magnetosome adsorption study: All equilibration and adsorption steps were performed in Hepes buffer (10 mM Hepes, 1 mM EDTA, pH 7.2) at a volume flow of 70 ml/min at 21°C with a Q-Sense E4 (Biolin Scientific, Västra Frölunda, Sweden). The coated sensor chips (eADF4(C16)) were equilibrated in buffer, flushed with 100 µg/ml magnetosomes (wild type and mamC-c2) for 40 min followed by a 50 min buffer flow again. Frequency and dissipation data are monitored for the 3 rd overtone. The change in areal mass density ∆ρA for a specific overtone n is proportional to the change in frequency ∆f and described by Sauerbrey equation (Eq. 1).
The mass sensitivity constant C depends on the density (ρq), the thickness (hq) and the fundamental frequency (f0) of the quartz crystal.
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Fibrillization experiments eADF4(C16) protein was produced as published previously. 34 Aqueous eADF4(C16) solutions were prepared by dissolving lyophilized protein in 6 M guanidinium thiocyanate (GdmSCN)
followed by dialysis against 10 mM Tris/HCl, pH 7.5, with three buffer changes, twice after 2 h and once after 16 h. The protein concentration was determined using a Varian Cary 50 Bio UVVis spectrometer after centrifugation in a Beckman Optima ultracentrifuge at 55,000 rpm for 45 min at 20°C. Isolated MamC-C2 or wild type magnetosomes (0.5 mg/ml Fe) were used as seeds in fibrillization experiments and added to an eADF4(C16) solution (1 mg/ml) in the presence of 100 mM potassium phosphate (pH 7.4).
Results and Discussion
Construction of spider silk motif expressing M. gryphiswaldense strains An engineered version of adf4 (codon-optimized for recombinant expression in E. coli) 34, 35, 51 was used as template for the generation of repetitive spider silk sequences. By designing engineered spider silk motifs for expression on magnetosomes, two strategies were explored: (i) Glycine linkers could improve folding of recombinant fusion proteins and also reduce sterical hindrance, 26 and therefore spider silk-like constructs containing Gly10 linkers were designed.
Single C motifs were connected by Gly10 and the resulting arrays with two or 32 silk units (referred to as CL2 or CL32, respectively) were genetically fused to the magnetosome membrane protein MamC. On the other hand, previous computational analysis and in vitro measurements have shown that the structural properties of silks (like their unique pattern of extreme solubility inside the spider glands and complete insolubility outside) depend on their highly repetitive, uninterrupted hydrophobic regions and that their characteristics might be affected by very small changes in the protein sequence. 52 We (ii) also generated a construct with the established C2 53 Only a low number of cells (6%) produced wild type-like particle amounts ( Figure 2 and Figure S5 ). In contrast, strain mamC-c2 showed a wild type-like particle number distribution and synthesized wild type-like amounts of magnetosomes (32 ± 11 particles per cell; Figure 2 and Figure S4 ) arranged in one or two chains positioned ad midcell.
The spatial stochastic resonance in the sequence hydrophobicities of spider silk proteins 52,54 is highly sequence dependent. Even small changes in the spider silk protein sequence, like the Gly10 linker introduction into constructs MamC-CL2 and MamC-CL32, might affect these resonance properties, which could be experimentally confirmed here for the first time. The Gly10 linkers seem to affect the properties of the resulting artificial proteins, cell division, magnetosome production and protein expression. Therefore, seamless cloning 34 of the highly repetitive sequences is essential for spider silk proteins and their properties, even if expressed in a complex system like M. gryphiswaldense. Figure S4 and Figure S5 ). Furthermore, high ratios of nearly particle-free cells were visible.
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Arrows indicate cells overproducing magnetosomes. In contrast, mamC-c2 cells formed wild TEM micrographs revealed that magnetosomes isolated from spider silk-expressing strains were surrounded by an organic capsule of low electron density ( Figure 2 , Table S4 ). For MamC-C2, MamC-CL2 and MamC-CL32, the thickness of this layer was about 11 nm, with overall particle diameters of 52.6 and 56.8 nm, respectively. The expression of silk motifs with 32 repetitive units (MamC-CL32) also resulted in a layer of 11 nm, and therefore in similar particle sizes.
Thus, particle diameters were considerably increased compared to wild type magnetosomes (38.1 nm in diameter) or MamC-mEGFP particles (39.7 nm in diameter), which were used as an additional control because the latter display up to 200 mEGFP copies on the surface. 18 For spider 23 silk magnetosomes, neither the presence of Gly10 linkers nor the number of spider silk motifs did affect layer thickness and particle diameters. A possible explanation is that linker constructs may closely adhere (in a flat layer) to the magnetosome surface and by that the surface is blocked by a protein layer. Increased particle sizes were essentially confirmed by zetasizer measurements revealing diameters of up to 63.5 ± 5.8 nm (for strain mamC-cl32) (Table S4 ).
In contrast, cryo-electron tomography of iron-starved cells (mostly devoid of magnetite crystals) of the wild type, mamC-cl2 and mamC-cl32 strains (Cmag = 0.42, 0.2 or 0.2, respectively) revealed no apparent differences in vesicle features in situ (i.e., same electron density, shape, diameter), with membrane thickness determined as 6.1 ± 0.1 (SEM) and 6.0 ± 0.1 (SEM) for the wild type and mamC-cl32, respectively ( Figure 3 and Figure S8 ). This can be explained as that the protein layers residing on the magnetosome membrane are not sufficiently electron-dense to be detected.
Effects of the displayed silk peptides on magnetosome biosynthesis by potential misorganization of magnetosome membrane proteins (like e.g. MamA) and/or impaired interactions with other (magnetosome) proteins are rather unlikely since it has been shown that even the magnetosome expression of large enzyme arrays (with up to 90% coverage of the particle surface) has no influence on magnetosome biomineralization. 25 Fourier transform infrared spectroscopy (FTIR) was used to obtain further information on the organic layer on the magnetosome surface ( Figure S9 ). Of particular interest were bands in the ). For MamC-mEGFP and in particular for MamC-CL2 / 32 constructs, an increase of the shoulder in the region from 1640 -1625 cm -1 was visible ( Figure S9 ). These spectra therefore indicate differences in secondary structure elements (for instance, β-sheet content). mEGFP forms β-barrel-like structures, 58, 59 and compared to wild type magnetosomes MamC-mEGFP particles exhibited a slight increase of the shoulder in the β-sheet regime. In contrast, for the MamC-C2 construct spectra were comparable to those of wild type magnetosomes (no shoulder 25 in the region from 1640 -1625 cm -1 ) indicating the absence of β-sheets, which is consistent with the assumption that MamC-C2 only forms a minor β-sheet portion due to the small size of the fusion and the low number of C-module repeats.
Physico-chemical characteristics of MamC-C2, MamC-CL2 and MamC-CL32 magnetosomes
Next, we investigated the sedimentation behavior of MamC-C2, MamC-CL2 and MamC-CL32 magnetosomes ( Figure S10 ). For wild type magnetosomes linear sedimentation profiles were observed, reflected by absorption ratios that significantly decreased with time. MamC-C2 and MamC-CL2 / 32 particles also showed linear sedimentation patterns; however, absorption ratios only slightly decreased, and MamC-CL32 particle suspensions remained nearly stable (i.e., did not sediment) for more than 200 min. Although MamC-C2 and MamC-CL2 magnetosomes exhibited a higher tendency to settle down, absorption ratios were still significantly higher compared to that of wild type particles (up to 30% for MamC-C2). Furthermore, the zeta potential (ZP) of silk motif-expressing particles shifted to more negative values (wild type: -34.8 ± 5.3 mV; MamC-C2: -37.2 ± 3.9 mV; MamC-CL2: -37.2 ± 4.0 mV; MamC-CL32: -45.2 ± 4.5 mV). An ANOVA test confirmed that the overall difference between the means was significant (P < 0.001). The observed shift in the ZP values might be attributed to negatively charged amino acid residues (e.g. glutamate residues) of the silk motifs or (in case of MamC-CL2/32 linker constructs) additional unspecifically bound protein compounds. These residues would add an additional charge to the particle surface when exposed to the solvent. Figure 5B and Figure S11 ). In contrast, on wild type particles no indications for directed fibril growth from the particle surfaces were detectable ( Figure 5A ).
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These findings suggest that magnetosome surface exposed spider silk peptides can function as fibrillization seeds, and thus can trigger fibril growth by recruiting eADF4(C16) out of solution ( Figure 5C ). For wild type magnetosomes no indications for directed fibril growth from the particle surfaces were detectable, whereas for MamC-C2 magnetosomes fibril-like structures were visible at the particle surface (indicated by arrows), suggesting C2 triggered docking of further eADF4 (16) monomers and fibril formation on the magnetosome surface (C) as it has been observed for silk particles by Humenik and co-workers. 62 Insets: During incubation with eADF4(C16) monomers, in the presence of MamC-C2 magnetosomes fibrous, network-like structures were visible in the reaction tube. These structures were not observed for wild type magnetosomes.
Conclusions
We for the first time demonstrated that recombinant spider silk peptides (MamC-C2) can be expressed in a magnetotactic bacterium. The need of a seamless cloning strategy 34 preserving the highly repetitive hydrophobic character of silk proteins 52, 54 was experimentally confirmed as disturbances in the sequence, like the introduced Gly10 linkers (MamC-CL2, MamC-CL32), affect the silk properties and even lead to affection of cell division, magnetosome production and protein expression. In contrast, magnetosome display of a (linker-less) C2 silk motif as hybrid protein fused to an abundant magnetosome membrane anchor in M. gryphiswaldense caused the formation of a proteinaceous coat with exposed spider silk features (specific interaction with materials made of eADF4(C16) as well as seeding/nucleating fibrillar growth from the surface) and thus provides a promising route for encapsulation and functionalization of bacterial nanoparticles. Since spider silk is non-immunogenic, 63 in future applications such building blocks might improve the biocompatibility of bacterial magnetosomes and mask immunogenic compounds displayed on the particle surface. Our strategy demonstrates that the surface properties of magnetic nanoparticles can be further tuned, as particle agglomeration was reduced and the colloidal stability increased. Magnetosome expression of spider silk-inspired peptides could be used in future approaches to generate multifunctional nanoparticles combining those features with further functionalities, such as catalytic activities, and to produce magnetic silk composites that can be oriented and manipulated by an external magnetic field. 64 In summary, our results provide a route towards the generation of fully genetically encoded, functionalized hybrid composites that might be useful as novel biomaterials with enhanced properties in biotechnological and biomedical applications.
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